We have synthesized and investigated a novel precursor, ͕2-͑Me 3 Si͒ 2 C͑Cu͒C 5 H 4 N͖ 2 , ͑1͒, for chemical vapor deposition ͑CVD͒ of Cu thin films using H 2 as a reducing agent. The alkyl compound ͑1͒ is thermally stable but sublimable when heated in a vacuum. Cu was selectively deposited on Si͑100͒ substrate with Pd as a seed layer. X-ray photoelectron spectroscopy showed that a pure Cu film was deposited on the Pd seed layer at 250°C, and the film is clean in terms of possible contaminants. The electronic and structural properties of the bulk and the surface of metallic Cu have been vigorously studied both theoretically and experimentally. [1] [2] [3] [4] [5] Recently, metallic quantum wells ͑QWs͒ containing ultra thin Cu layers were fabricated and studied. 6 Moreover, Cu has been introduced into photonic crystals ͑PCs͒ to operate at the near infrared and optical frequencies. [7] [8] [9] In the microelectronics industry and related research laboratories, metallic Cu thin films have been extensively evaluated and studied in the past decade. Cu interconnects, for example, have been chosen to replace Al at and beyond the 0.25 m node of very large scale integration ͑VLSI͒.
The electronic and structural properties of the bulk and the surface of metallic Cu have been vigorously studied both theoretically and experimentally. [1] [2] [3] [4] [5] Recently, metallic quantum wells ͑QWs͒ containing ultra thin Cu layers were fabricated and studied. 6 Moreover, Cu has been introduced into photonic crystals ͑PCs͒ to operate at the near infrared and optical frequencies. [7] [8] [9] In the microelectronics industry and related research laboratories, metallic Cu thin films have been extensively evaluated and studied in the past decade. Cu interconnects, for example, have been chosen to replace Al at and beyond the 0.25 m node of very large scale integration ͑VLSI͒. [10] [11] [12] [13] [14] As many researchers have pointed out, chemical vapor deposition ͑CVD͒ is an attractive technique to provide high quality and conformal Cu thin films for the applications of interconnects and dual damascene metallization. 10, 13, [15] [16] [17] Based on the oxidation state of the Cu ions in the CVD precursors, two basic types of Cucontaining coordination compounds are used in CVD: ͑a͒ volatile Cu II ͑␤-diketonate͒ complexes, such as Cu͑acac͒ 2 18 and Cu͑hfac͒ 2 , 19, 20 and ͑b͒ Cu I ͑␤-diketonate͒L complexes, where L is a Lewis base ligand stabilizing the highly reactive Cu I ͑␤-diketonate͒ complexes. The most important ␤-diketonate ligand is 1,1,1,5,5,5-hexafluoroacetylacetonate ͑hfac͒, such as is found in ͑hfac͒Cu-͑VTMS͒ ͑VTMS = vinyltrimethylsilane͒ 17, 21 and ͑hfac͒Cu͑MHY͒ ͑MHY = 2-methyl-1-hexen-3-yne͒. 22 Cu͑II͒ complexes in ͑a͒ are thermally and chemically stable but usually also possess a high sublimation temperature and low vapor pressure in vacuum. 23 Comparatively, Cu͑I͒ precursors in ͑b͒ are in a liquid state with high vapor pressure and a high growth rate. However, the thermal stability and precursor delivery are among the problems reported in the literature. [23] [24] [25] Furthermore, the deposition of Cu thin films using ͑b͒ is accomplished through the disproportionation of two Cu͑I͒ precursors to obtain one Cu͑0͒ and one Cu II ͑hfac͒ 2 byproduct which cannot be further reduced into Cu͑0͒ at substrate temperatures lower than 250°C. 26 The most common substrate temperatures studied are within the range of 150-250°C when ͑b͒ precursors are employed in CVD. Thus, only 50% efficiency can be ideally obtained in CVD processing. Because the −CF 3 containing ͑hfac͒ ligand is used in both ͑a͒ and ͑b͒ precursors, the deposited Cu thin film might be potentially contaminated by fluorine, carbon and oxygen. 27 Modifications of both ͑a͒ and ͑b͒ precursors have been carried out to provide more stable and viable Cu CVD precursors in the literature. 22, 25, 28 To the best of the authors' knowledge, only a minimal effort has been applied to develop new chemicals without F and O as potential CVD precursors.
In this paper, we introduce a novel precursor, ͕ 2-͑Me 3 Si͒ 2
C͑Cu͒C 5 H 4 N ͖ 2 ͑1 in this report͒, for thermal CVD of Cu thin films. The chemical structure of ͑1͒ is shown in Fig. 1 . From the proposed structure of ͑1͒, Cu-N is a pseudo bond and the bond strength of Cu-C is weak. There is no O in ͑1͒. We expected a compound similar to ͑1͒ to be a good CVD precursor owing to the weak Cu-C bond and absence of O in the compound. We prepared ͑1͒ following the method proposed by Papasergio et al. 29, 30 The synthesis of ͑1͒ was conducted under an atmosphere of N 2 and obtained by the chelation of 2-͓bis͑trimethylsilyl͒methyl͔pyridine ͑2͒ with Cu͑I͒ chloride in anhydrous THF/n-BuLi solution at room temperature from the procedure reported by Papasergio et al. 30 Compound ͑2͒ was prepared from 2-picoline as described by Papasergio et al. 31 Lime green crystals of ͑1͒ were twice recrystallized from hexane with a melting point of 164-166°C ͑literature reported 162-164°C, in Ref. 30͒. The efficiency of ͑1͒, which is a dimer, as a Cu precursor was expected to be higher than both ͑a͒ and ͑b͒ precursors described above because one molecule of ͑1͒ can provide two Cu ions. In addition, ͑1͒ has a remarkable thermal stability and is sublimable in vacuum ͑ϳ10 −3 Torr at 160°C͒. 29 We used a 1 H nuclear magnetic resonance spectrometer ͑NMR, Unity INOVA 300, Varian Inc., USA͒ to verify the proposed structure of ͑1͒ as shown in Fig. 1 . N.M.R. ͑CDCl 3 ͒:
1 H, ␦0.26 ͑s, 18 H͒, 6.82 ͑m, 1 H͒, 7.00 ͑m, 2 H͒, 7.91 ͑m, 1 H͒. The 1 H NMR spectrum of ͑1͒ is in agreement with the expected structure, based on the analysis of Papasergio et al. The CVD Cu thin films were deposited using H 2 gas as a reducing agent in a vertical warm-wall deposition chamber which has been described elsewhere. 32 The chamber was pumped by a Roots blower in combination with a rotary vane pump. The base pressure of the chamber was about 3 ϫ 10 −4 Torr in this experiment. The chamber wall and the precursor transfer lines were heated with heating tape to a temperature of 140 ± 3°C to prevent the condensation of the precursor. The substrates were heated by a resistive heater. We did not study the CVD growth behavior of ͑1͒ in a large temperature range because we mainly focused on the potential of ͑1͒ as a Cu CVD precursor in this paper. In this study, only three sets of samples were prepared at 200, 250, and 275°C substrate temperatures. The precursor, held in a Pyrex glass tube, was heated to 120 ± 1°C by a heating tape and was introduced into the deposition chamber with a 10 sccm Ar carrier gas. All temperatures were measured by type-K thermocouples. There was no color change observed for the crystals of unused ͑1͒ in the glass tube after the experiment. The H 2 gas was introduced into the chamber through a separate line. The H 2 flow rate was controlled by a mass flow controller ͑MFC-247C, MKS Instruments, Inc., USA͒. The total pressure of the chamber, including Ar carrier gas, 30 sccm H 2 and precursors was ϳ400 mTorr during deposition.
The substrates used in this experiment were Si͑100͒ with a Pd 
C86
Electrochemical and Solid-State Letters, 8 ͑7͒ C85-C88 ͑2005͒ C86 seed layer, amorphous carbon ͑a-C͒, and Si͑100͒ with native oxide, one piece of each, placed side-by-side. Si substrates and a-C substrates were cleaned by dry N 2 gas without other treatments. The Pd seed layers were prepared in another deposition chamber by the atomic hydrogen enhanced atomic layer deposition ͑ALD͒ technique as reported elsewhere. 33 Roughly 1.5 nm thick Pd seeds were formed on Si͑100͒ substrate in 100 ALD cycles. After Cu deposition for 1.5 h at 200, 250, and 275°C, respectively, the three sets of samples were sent to a 4.0 MV Dynamitron accelerator at the Ion Beam Laboratory, Department of Physics, University at Albany, for Rutherford backscattering spectrometry ͑RBS͒ measurement. We obtained the highest growth rate at 250°C on Pd passivated substrate from the RBS measurement. The thickness of the Cu film in this sample was estimated to be 80 ± 4 nm. The thicknesses of Cu films prepared at 200 and 275°C were 10.0 ± 2.7 and 15 ± 3.0 nm, respectively, as measured from RBS. From the RBS spectra in Fig. 2 , it is clearly shown that Cu thin films can be selectively deposited with Pd seeds ͑solid line͒. Without the Pd seed layers, only a small chemisorbed amount of Cu was found on the Si͑100͒ ͑dashed line͒ and a-C ͑dotted line͒ substrates. Because H 2 molecules cannot be dissociated on either a Si surface with native oxide or an a-C surface, the chemisorbed ͑1͒ on both surfaces cannot be reduced to Cu͑0͒ and volatile ligands. On the other hand, Pd seed layers catalyze the dissociation of H 2 molecules, thus Cu can be initially deposited on Si͑100͒ substrate with Pd seeds. The deposition of Cu thin film thereafter was probably enabled by the dissociation of H 2 on metallic Cu surface at the deposition temperature.
XPS ͑Perkin-Elmer Co., USA͒ with a non-monochromatic Mg K␣ source ͑photon energy h = 1253.6 eV͒ was used to investigate the quality of Cu thin films deposited at 250°C on Si͑100͒ with a Pd seed layer. The sample was sputtered by Ar + for 5 min under Ar partial pressure of about 5 ϫ 10 −9 Torr inside the XPS chamber with a base pressure of 1 ϫ 10 −9 Torr. The sputtering rate was estimated from the measured current ͑13-25 A͒ during sputter processing to be 1.0-2.0 nm/min. The XPS spectra, shown in Fig. 3 , in a wide scan mode ͑Fig. 3a͒ and a high-resolution mode were obtained by a double-pass cylindrical mirror analyzer. Cu 2p core level 
C87
Electrochemical and Solid-State Letters, 8 ͑7͒ C85-C88 ͑2005͒ C87 peaks were the dominant XPS peaks in the spectrum shown in Fig.  3a . High-resolution scans of Cu 2p peaks ͑Cu 2p 3/2 and Cu 2p 1/2 ͒ and their peak fit results using Gaussian model are presented in Fig.  3b . The binding energies of 933.0 and 952.9 eV with an energy separation of ⌬ = 19.9 eV were assigned to Cu 2p 3/2 and Cu 2p 1/2 , respectively, which are consistent with the literature. 34 The line shapes of Cu 2p peaks were slightly asymmetric with a tailing towards high binding energy, which can be seen in Fig. 3b . The asymmetric profile was explained by the dynamic interaction between electron-hole pairs. 35, 36 There was a small broad peak around 924.6 eV clearly shown in Fig. 3a and b. We believe this peak belongs to the X-ray satellite of Mg ␣ 3 with a displacement of 8.4 eV from the Cu 2p 3/2 core level and is consistent with literature. 37 Figures 3c and d showed the C 1s peak and O 1s peak in a high-resolution mode. Based on the location of C 1s peak at 284.5 eV, the charging effect of the sample was believed to be negligible after Ar + sputtering treatment. The existence of C after Ar + cleaning indicated the sample might be contaminated either during the CVD processing or the Ar + sputtering in the XPS system. It is possible that the precursor is able to introduce some C due to the dissociation of methyl groups in ͑1͒. The CVD reactor may be one possible source of the C contamination. The cleanness of our XPS system, especially the sputtering system, was investigated after the measurement of Cu samples. A piece of Si͑100͒ wafer with native oxide was sputtered for 5 min in the same XPS system. The intensity of C 1s peak was increased on the Si surface after Ar + sputtering. There was a detectable O 1s peak at 532.0 eV in this sample as shown in Fig. 3d which we believed is not due to the oxidation of bulk Cu in the film. If Cu-O binding exists in the bulk, one expects a lower binding energy ranging from 529.5 to 530.5 eV for the O 1s peak in Fig. 3d . However, there was negligible contribution of O in this binding energy range in the peak fit of Fig. 3d . Again, the sputtering system may be one possible source of the O contamination.
We investigated the possible contaminants other than C and O by XPS high-resolution scans. Because ͑1͒ contains N and Si, we suspected that N and Si would be possible contaminants introduced into the deposited films by thermal decomposition of ͑1͒. Also Cl is another possible contaminant Because CuCl was used as a reactant during the synthesis of ͑1͒. However, as shown in Fig. 4a-c , the N 1s, Cl 2p, and Si 2p peaks were negligible within the detection limit of XPS. We concluded that the CVD Cu thin films from ͑1͒ are quite clean with regard to the possible contaminants from the precursor. This result showed a distinguished advantage of ͑1͒ over Cu͑␤-diketonate͒ based compounds as Cu CVD precursors. As Pd was used as the seed layer, we also performed the high resolution scan of Pd 3d peaks shown in Fig. 4d . Unfortunately, the possible Pd 3d 5/2 peak with the binding energy of 335 eV and Pd 3d 3/2 peak at 341 eV are overlapped with Cu Auger L 3 M 45 M 45 transition line ͑335 eV͒. Further study of any possible Pd Auger peaks ͑926 and 978 eV͒ in Fig. 3a showed that there were no such Auger transition lines in a spectrum covering a wide energy range. Thus, we believe the peak shown in Fig. 4d was contributed from Cu Auger transition only.
Conclusion
In this paper, we showed ͑1͒ is a good candidate of Cu CVD precursor which has a potential application in VLSI metallization. The thermal stability of ͑1͒ makes it attractive in that the storage and delivery of this precursor are very easy in any laboratory environment. The Cu ions in this compound are in +1 oxidation states, making it possible to deposit Cu thin films at low temperatures around 250°C. The synthesis of ͑1͒ is achievable in a standard chemical laboratory with high yields. Further studies of this precursor are desirable to investigate the CVD growth behavior, growth mechanism and possibility of ͑1͒ as a Cu precursor for atomic layer deposition.
